ABSTRACT
Introduction
C4 hydrocarbons, including linear butenes (1-butene, cis-2-butene, and trans-2-butene) and isobutene, are important raw materials for various chemicals, such as 2-butanol, methyl ethyl ketone, methyl methacrylate, and polymers. In order to utilize C4 hydrocarbons, one must separate isobutene as well as butadiene from mixtures, which are produced from fluid catalytic cracking (FCC) of heavy oil and steam cracking of naphtha in petroleum refineries and petrochemical factories. However, the separation of isobutene from butene isomers is difficult because they have similar boiling points. One potential method for the separation of isobutene from mixtures of butenes involves the preferential oligomerization of isobutene (meaning that isobutene rather than linear butenes reacts selectively in a mixture of butenes) over solid acid catalysts. Although preferential oligomerization of isobutene over SiO 2 -Al 2 O 3 catalysts has been commercialized, loss of linear butenes due to low selectivity remains a serious problem [1] . In our previous work [2] , we have investigated the preferential oligomerization of isobutene in an equimolar mixture of isobutene and 1-butene over H 4 2 shows high selectivity for the isobutene oligomerization as well as high activity. However, a further increase in the selectivity is needed to reduce the loss of linear butenes. 4 Since the amount, strength, and type of acid sites are crucial factors controlling catalytic performance, including activity, selectivity, and life, of solid acids [3, 4] . Among them, acid strength has the most significant influence on the catalytic performance. One method for controlling the acidic properties of solid acids is to modify them with alkaline metal cations or alkaline earth metal cations. O'Donoghue and Barthomeuf [5] have reported that the activity for dehydration of 2-propanol over alkaline metal cation-substituted Y-type zeolites with high cation contents decreased as follows: Li-H-Y > Na-H-Y >> Rb-H-Y. This order agrees with the acid strength of the Brønsted OH groups determined on the basis of the wavenumber of the OH stretch in the IR spectra. Xu et al. [6] have reported that the activity for the aldol condensation of acetone decreases in the order of H-ZSM-5 > H-Y > H-X > Na-H-X, Cs-H-X > Cs-H-Y, Cs-H-ZSM-5. This order is in good agreement with the strength of the Brønsted acid determined from the chemical shift in 13 C MAS NMR spectra of the mesityl oxide adsorbed on the acids. Cañizares and Carrero [7] [8] . This finding has further been supported via periodic DFT calculations [9] .
In the present study, we investigated the effects of modifying H 
Experimental

Catalysts
The ) using the same syringe in order to rinse it. After purging with N 2 five times to remove the air inside the reactor, the temperature was decreased to 293 K or increased to 333 K with vigorous stirring (300 rpm) using a magnetic stirrer. All pipe fittings on the reactor were heated to about 353 K.
The products in the gas phase were analyzed by using a gas chromatograph (Shimadzu, The conversion and selectivity for isobutene oligomerization were defined as:
In order to simplify the calculation, 1-butene and 2-butenes (cis-2-butene and trans-2- 
Characterization
X-ray diffraction (XRD) patterns were measured on an XRD diffractometer (Miniflex, Rigaku) with Cu Kα radiation (λ = 0.154 nm). IR spectra of the catalysts were recorded on an IR spectrometer (FT-IR/230, JASCO) using a catalyst pellet diluted with KBr. Specific surface areas were estimated by using the Brunauer-Emmett-Teller (BET) equation with an adsorption isotherm of N 2 at 77 K, which was measured on a Belsorp-mini instrument (BEL Japan Inc.).
Temperature-programmed desorption of ammonia (NH 3 -TPD) was carried out by using a multi-task TPD system (BEL Japan Inc.) equipped with a quadrupole mass spectrometer (Anelva; M-QA100S). After pretreatment at 523 K for 2 h in a flow of He (50 cm 3 min -1 ), the catalyst was exposed to NH 3 at 13 kPa and 373 K for 0.5 h, and then the excess NH 3 was removed in a He flow at 373 K for 0.5 h. The temperature of the sample was increased at a rate of 10 K min -1 to 973 K, and the desorbed gas was monitored at m/z = 16.
Benzonitrile-TPD profiles were obtained by using a homemade TPD system equipped with a flame ionization detector. After pretreatment at 523 K in a flow of N 2 (40 cm 3 min
), the catalyst was exposed to 0.122 μmol h −1 of benzonitrile at 373 K for 1 h. The weakly adsorbed or physisorbed benzonitrile was removed in an N 2 flow by heating to 373 K and then to 393 K. 9 The temperature was increased at a rate of 10 K min −1 to 973 K, while the FID signal of the exit gas was monitored.
Adsorption isotherms of Ar at 203-233 K were taken on an automatic adsorption apparatus (BEL Japan Inc.). Calculation of the adsorption heat of Ar was done according to the method reported in Ref. [13] 3. Results We assumed that both oligomerizations of isobutene and linear butenes were a first-order reaction and estimated the first-order reaction rate constants for each reaction, which are denoted by k(iso-) and k(n-), respectively, by fitting them to the experimental data shown in Fig.   1 . In Fig. 2 , k(iso-) and k(n-) as well as the ratios of k(iso-)/k(n-) are plotted as a function of the Na + ion content. While both k(iso-) and k(n-) decreased with an increase in the Na + ion content, k(n-) dropped down more remarkably than k(iso-). In fact, the k(iso-)/k(n-) ratio was In Fig. 3 , the selectivity for isobutene oligomerization is plotted against the conversion of isobutene. The selectivity for isobutene oligomerization was defined as the isobutene conversion divided by total conversion, which is a sum of isobutene conversion and linear butenes conversion, and multiplied by 100 (see Experimental). (Fig. 4A) , indicating that heteropoly anions were highly dispersed on the SiO 2 .
Preferential oligomerization of isobutene in a mixture of butenes over Na x H 4-x SiW
In the IR spectra (Fig. 4B) The spectrum of NH 3 -TPD was deconvoluted by using a peak-fitting program, Fityk, provided that the spectrum was composed of three peaks with Gaussian function. The peak areas of each acid site are plotted in Fig. 6B . The MS bulk acid sites accounted for the majority of the acid sites and its amount decreased monotonically with an increase in the Na + ion content. 13 On the other hand, the amount of W bulk acid sites slightly changed from x = 0 to 1 and then decreased as the Na + ion content further increased. The amounts of S bulk acid sites were nearly constant irrespective of the Na + ion content. (Fig. 7a) . The peak at 470 K, which is close to the boiling point of benzonitrile (463.9 K), was attributed to physically adsorbed or weakly chemisorbed benzonitrile. Therefore, only the peaks at 620 and 730 K were considered to be due to benzonitrile desorbed from acid sites and were labeled as medium strength (MS surf ) and strong (S surf ) acid sites, respectively. Since the area of the peak at 470 K increased with an increase in the Na + ion content, benzonitrile is weakly adsorbed on the Na + ion. On the other hand, the peak area due to MS surf and S surf acid sites decreased with an increase in the Na + ion content.
Thus, these acid sites can be attributed to Brønsted acid sites. Modifying the acid sites with Na + ions, corresponding to a quarter of the protons of H 4 SiW 12 O 40 , caused the peak for S surf acid sites to almost disappear (Fig. 7b) , indicating that S surf acid sites located on the outermost surface were eliminated.
In Fig. 8 
Discussion
Acid-catalyzed reactions over solid heteropolyacids can be divided into two types [14, [16] [17] [18] : (1) surface-type catalysis, which is an ordinary heterogeneous catalytic process occurring on the surface of the solid heteropolyacids, and (2) reasonable that the reactions did not proceed on Na + ion but proceed only on Brønsted acid sites over the sodium-modified catalysts (x = 0, 1, 2, and 3). Since the reactions took place on the Brønsted acid sites, the oligomerizations of isobutene and linear butenes proceeded through 16 tertiary carbenium cations and secondary ones, respectively. However, since secondary carbenium cations are energetically unfavorable compared with tertiary carbenium cations [19] , the oligomerization of linear butenes must require stronger acid sites than that of isobutene.
As shown in Fig. 2 , the first-order rate constants for the isobutene oligomerization (k(iso-)) and linear butenes oligomerization (k(n-)) decreased with an increase in the Na + ion contents.
The amounts of surface acid sites (MS surf and S surf acid sites) shown in Fig. 8 were also decreased with an increase in the Na + ion contents. However, the trends of the catalytic activity could not be explained only by those of the amounts of sole MS surf or S surf acid sites. Since the amount of S surf acid sites was decreased more significantly than that of MS surf acid sites by the modification of the catalyst with Na + ions, the catalytic activity for the oligomerization of linear butenes decreased more significantly than that for the oligomerization of isobutene. Thus, the selectivity for the oligomerization of isobutene was improved. Conversion of isobutene/% Selectivity/%
